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e\  new  reflex Ing  electron  ion  anurre  la  devnbed  The  device  produce*  a  unidirectional  ion 
beam  with  relatively  high  efficiency  even  when  the  applied  magnetic  field  exceed*  the  self  field 
rhix  new  vourre  operate*  at  a  low  ,  convtant  Impedance  during  much  of  the  applied  voltage  pulse 
and  i*  better  matched  to  available  high  power,  low  impedance  generator*  than  previou*  reflexing 
electron  device*  _ 
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INTENSE  ION  BEAM  GENERATION  WITH  AN  INVERSE  REFLEX  TETRODE  (IRT) 


In  recent  years,  the  generation  of  pulsed,  high-current  ion  beams  has 
ittracted  much  interest  because  of  the  large  number  of  applications 
?nvisioned  for  them.  These  applications  include  the  formation  of  field- 
reversing  ion  rings,'  inertial  confinement  fusion,'  laser  exci tation, 5 
and  plasma  heating."  One  class  of  ion  source  that  has  received  considerable 
attention  both  experimental ly'" 1 :  and  theoreti cal ly 7 ’ 1 1 " 1 ’  is  that  o' 
reflexing  electron  devices,  i.e.,  reflex  triodes4"*  and  reflex  tetrodes .*• 1 0 
In  this  letter  we  report  on  a  new  reflexing  electron  ion  source  and 
analyse  its  operation  over  a  wide  range  of  external  magnetic  field.  The 
most  interesting  features  of  the  new  device  are:  (i)  relatively  high 
e'ficiency  even  when  the  applied  magnetic  field  exceeds  the  self  field, 

( l i )  unidi rect lonal i ty ,  and  (iii)  constant  impedance  during  an  appreciable 
portion  of  the  applied  voltage  pulse.  In  addition,  the  present  device  can 
be  used  in  a  low- inductance ,  coaxial  geometry  to  produce  solid  as  well  as 
annular  beams.  The  ions  are  extracted  through  the  real  cathode  as  opposed 
to  the  virtual  cathode  extraction  used  in  most  earlier  sources.  Consequently, 
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Furthermore,  we  have  found  that  in  some  instances  a  proton  beam  extracted 
through  a  virtual  cathode  is  not  current  neutralized,  but  with  the  IRT  the 
beam  is  almost  completely  (s  95%)  current  neutralized. 

The  IRT  has  been  tested  extensively  on  the  Seven  Ohm  Line  (SOL)  gener¬ 
ator  (  400  kV,  60  kA)  and  has  been  successfully  used  on  the  upgraded 
Gamble  II  generator  as  part  of  the  NRL  Ion  Ring  Program.  On  Gamble  II,  the 
IRT  has  produced  7-8  x  10“  protons/pulse  with  a  current  efficiency  of 
50%.  These  proton  pulses  have  made  possible  the  formation  of  transient 
field-reversed  ion  rings. 

A  schematic  diagram  of  the  IRT  (as  used  on  SOL)  coupled  to  an  external 
circuit  representing  the  generator  is  shown  in  Fig.  1.  The  5  cm  diam  anode 
foil  A  (typically  polyethylene)  is  attached  to  one  end  of  a  stainless  steel 
anode  stalk.  The  other  end  of  the  stalk  contains  a  back  plate  G  and  is 
connected  to  the  generator.  An  external  axial  magnetic  field  Bo  is  supplied 
by  pulsed  solenoidal  magnets.  Electrons  are  emitted  from  the  3.8  cm  diam 
stainless  steel  mesh  cathode  K,  pass  through  the  anode  foil,  and  form  a 
virtual  cathode  VC  between  A  and  G.  Some  of  the  electrons  pass  through  VC 
to  reach  G  and  the  rest  reflex  through  A  until  they  are  absorbed  in  the  anode 
or  are  lost  to  the  walls  of  the  anode  stalk.  Protons  are  extracted  out  of 
the  plasma  which  is  formed  from  the  plastic  anode.  When  the  applied  voltage 
is  increasing  or  unchanging,  protons  directed  toward  VC  are  unable  to  reach 
G  or  reach  G  with  zero  velocity.  Thus,  these  protons  do  not  represent  an 
energy  drain  on  the  system.  However,  most  of  the  ions  emitted  toward  K  pass 
through  the  75%  transparent  screen  and  enter  the  drift  region. 

Virtual  cathode  formation  is  an  important  process  in  this  device  and 
depends  upon  the  uncompensated  space  charge  distribution  and  the  boundary 
conditions.  The  potential  on  axis  4(0, z)  is  plotted  in  Fig.  2a  for  a 


radially  uniform  net  charge  density  of  radius  r^  =  2.5  cm  of  the  form 
p ( z )  *  Pi  for  0  i  z  L  d  and  p(z)  =  p,  for  d  <  z  1  L  with  the  boundary 
conditions  $(r,0)  =  $(r,L)  =  t}(r^,z)  =  VQ  and  <j(0,d)  =  0.  For  VQ  =  500  kV, 
r^  =  5cm,  L  =  5  cm  (solid  line),  n,  =  p,/e  =  2  x  10Mcm''  and 
n  =  1.28  x  10llcm‘J,  a  virtual  cathode  is  formed  at  z  ^  2  cm.  However, 
when  L  is  decreased  to  2.5  cm  and  nt  is  unchanged  (dashed  line),  no  virtual 
cathode  is  formed.  This  behavior  explains  the  experimental  result  (Fig.  2b) 
that  proton  production  drops  rapidly  as  A-G  is  decreased  below  ^  4  cm. 

The  number  of  protons  Np  with  E  •  278  keV  (as  determined  by  nuclear 

activation  of  BN  targets  via  1 ',N(p,y) 1 ' 0  reactions)  extracted  from  the  I RT 

is  found  to  be  relatively  insensitive  to  B  for  B  i  7  kG  (the  highest  field 

oo 

used),  provided  that  an  appropriate  thickness  anode  foil  is  used.  In  Fig. 

3,  Np  vs.  Bo  is  plotted  for  various  foil  thicknesses  6  for  both  conical  and 
cylindrical  anode  stalks.  In  both  cases  A-G  £  7.5  cm.  The  conical  anode 
closely  parallels  the  fringing  external  field  and  is  found  to  generally 
provide  higher  Np  than  the  cylindrical  anode.  Also,  too  thin  (12.5  urn)  or 
too  thick  (250  urn)  an  anode  foil  clearly  hinders  proton  production,  especially 
at  higher  magnetic  fields. 

To  understand  this  behavior,  it  is  necessary  to  examine  the  voltage  and 
current  waveforms  for  the  various  cases.  Typical  waveforms  obtained  using 
the  conical  anode  on  the  SOL  generator  are  shown  in  Fig.  4.  In  general,  the 
impedance  of  the  I RT  is  higher  and  the  current  rise  is  slower  at  lower 
magnetic  fields.  Correspondingly,  the  voltage  is  relatively  flat.  As  Bq  is 
increased,  the  current  rises  more  rapidly  and  a  significant  dip  appears  in 
the  voltage  trace.  The  current  rise  is  also  larger  for  <5  between  25  and 
100  ;.m.  The  depth  and  duration  of  the  voltage  dip  increases  with  Bq  up  to  a 
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point  that  depends  on  6.  For  a  particular  Bq,  the  minimum  value  of  the 

voltage  in  the  dip  Vmin  is  higher  for  thicker  anode  foils.  In  fact,  when 

the  range  of  an  electron  of  energy  eVm-n  is  reduced  to  approximately  the 

foil  thickness,  no  further  decrease  in  V  is  observed  as  is  increased. 

min  o 

When  Bq  ^  7  kG  and  6  =  250  ;im,  the  voltage  dip  disappears  and  the  waveforms 
are  similar  to  those  in  the  1-D  simulation  of  Sternlieb  et  al.,J  Finally, 
it  is  found  that  with  all  other  parameters  fixed,  the  current  rises  more 
slowly  and  the  voltage  dip  is  less  pronounced  with  the  cylindrical  than  with 
the  conical  anode  stalk. 

The  rapid  initial  current  rise  observed  with  the  IRT  is  characteristic 

of  reflexing  electron  devices. 7,8  ll*l>  The  rise  is  due  to  a  bootstrapping 

effect  which  occurs  as  the  electrons  reflex  through  the  anode  foil.  The 

reflexing  electrons  form  a  negative  charge  cloud  near  the  anode  which  draws 

ions  from  the  anode  plasma.  The  ions  near  the  cathode  further  enhance 

electron  emission,  and  the  total  current  rises  rapidly  as  the  process 

continues.  The  reduction  in  the  initial  current  rise  with  decreasing  magnetic 

field  is  apparently  due  to  a  reduction  of  this  bootstrapping  effect.  The 

self  magnetic  field  B^^  acts  to  inhibit  the  axial  motion  of  the  electrons 

when  B  "  B  Also,  when  B  is  small,  the  limiting  current  in  the  A-G 

o  se  1  t  o 

region  increases1”  so  that  virtual  cathode  formation  is  more  difficult  and 
a  higher  electron  current  is  lost  to  the  end  plate  G  or  the  walls  of  the  anode 
stalk.  These  electron  losses  reduce  the  bootstrapping  effect. 

The  slower  current  rise  when  6  125  is  easily  explained  by  the 

reduction  in  the  number  of  electron  transits  N  with  increasing  6.  If  the 
foil  is  too  thin,  anode  plasma  production  may  be  slowed  because  of  the 
slower  deposition  of  electrons  in  the  anode  foil.  However,  once  a 
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sufficiently  dense  plasma  is  produced,  the  current  rises  very  rapidly  to  a 
large  value  because  N  is  quite  large  and  bootstrapping  is  enhanced. 

To  explain  the  voltage  dip,  which  has  also  been  observed  in  a  reflex 
triode  experiment,  we  must  consider  the  external  circuit  to  which  the  IRT 
is  coupled. ,,M  The  circuit  equation  is  (see  Fig.  1) 


V  •  V.  ♦  R  I  ♦  L  dl/dt  1 

g  d  g  g 

where  R  and  L  are  the  resistance  and  inductance  of  the  generator,  V.  and  I 
g  g  d 

are  the  diode  voltage  and  total  current,  and  is  the  open  circuit  generator 
voltage  which  is  approxi amtely  constant  after  an  initial  rise.  Before  anode 
plasma  formation,  the  diode  impedance  is  large  and  rises  quickly  to  a 
large  value  ('-  400  kV).  If  5  and  are  such  that  the  current  rise  is  very 
rapid,  the  resistive  and  inductive  terms  in  Eq.  (1)  become  so  large  that 
nxist  decrease  since  is  constant  (  600  kV).  As  drops,  N  decreases 

and  the  bootstrapping  effect  is  halted.  For  the  lower  magnetic  fields,  the 
current  rise  is  slow  enough  so  that  can  remain  approximately  constant. 

For  large  B(i,  the  diode  voltage  continues  to  drop  until  the  electrons 
emitted  from,  the  cathode  can  penetrate  the  anode  foil  only  once.  As  the 
electrons  already  in  the  device  are  absorbed  by  the  anode  foil,  the  negative 
charge  cloud  near  the  anode  is  rapidly  reduced  and  the  total  current  drops. 
The  current  drop  is  more  rapid  with  thicker  foils,  because  the  electron 
absorption  by  the  foil  is  faster.  As  dl/dt  becomes  negative,  must 

increase  to  satisfy  Eq.  (1).  Then  N  becomes  larger  and  I  levels  off.  The 
diode  voltage  rise  is  then  halted  and  there  is  a  period  of  n.  15-20  ns 


during  which  <  278  kV.  The  magnitude  of  this  second  peak  is  not  a 

strong  function  of  foil  thickness.  For  example,  at  B  ^7  kG,  V,  ^  400  kV 


5 


for  foil  thicknesses  ranging  from  50  pm  to  125  pm.  When  both  elastic  and 

inelastic  scattering  are  accounted  for,  the  number  of  electron  transits 

for  such  thickness  foils  is  N  £  13-6. 

The  better  performance  of  the  1RT  with  the  conical  than  with  the 

cylindrical  anode  stalk  could  be  due  to  a  lower  electron  loss  to  the  walls 

o?  the  conical  stalk  or  to  G.  Tne  B  field  lines  intersect  the  walls  of  the 

o 

cylindrical  stalk  so  electrons  can  stream  to  the  walls  near  the  anode.  Also, 
virtual  cathode  formation  and  the  current  transmitted  to  G  are  affected 
by  the  wall  shape.  The  cylindrical  walls  are  closer  to  the  beam  radius,  so 
the  limiting  current  (and  hence  I{)  is  larger. 

Although  25?  of  the  protons  are  stopped  by  the  K  screen,  the 

efficiency  of  the  IRT  in  its  optimum  operating  regime  is  slightly  larger 

than  the  theoretical  value  for  reflex  triodes:1* 

Ip/I  -  0.5  [1  ♦  (2N  ♦  lr’tm./m^-1  ,  (2) 

•there  I  is  the  extracted  proton  current  and  m^ (mg )  is  the  ion  (electron) 
mass.  Typical  efficiencies  obtained  with  f  =  50-100  pm  and  r  2-7  kG 
are  in  the  range  20-25?,  while  the  theoretical  values  of  •  vary  from  15-20?. 

The  efficiencies  obtained  here  are  a  factor  of  two  smaller  than  previous  results 

with  a  reflex  tetrode.’  However,  both  N  and  •  I  are  about  1.5  times 

P  P 

larger  with  the  IRT  than  with  the  tetrode.  This  is  because  the  IRT  performs 

well  at  a  much  lower  impedance  (and  hence  higher  current  level)  and  is  better 

matched  to  the  generator  than  the  reflex  tetrode. 

The  authors  appreciate  the  technical  assistance  of  R.  Covington,  R. 

Welsh,  and  B.  Hunicutt.  This  work  was  supported  by  ONR  and  DOE. 
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ATTENUATING 


Schematic  of  IRT  couplet)  to  external  generator 
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Ki»c  3  FYoton  production  vs.  B0  for  several  anode  foil  thickneaac*  and  for  both 
conical  and  cylindrical  anode  stalks  Data  point*  are  subject  to  a  statistical  error 

of  "  10-20T- 
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